Rueda-Clausen CF, Morton JS, Dolinsky VW, Dyck JR, Davidge ST. Synergistic effects of prenatal hypoxia and postnatal high-fat diet in the development of cardiovascular pathology in young rats. Am J Physiol Regul Integr Comp Physiol 303: R418 -R426, 2012. First published June 27, 2012 doi:10.1152/ajpregu.00148.2012We have previously shown that adult offspring exposed to a prenatal hypoxic insult leading to intrauterine growth restriction (IUGR) are more susceptible to cardiovascular pathologies. Our objectives were to evaluate the interaction between hypoxia-induced IUGR and postnatal diet in the early development of cardiovascular pathologies. Furthermore, we sought to determine whether the postnatal administration of resveratrol could prevent the development of cardiovascular disorders associated with hypoxia-induced IUGR. On day 15 of pregnancy, Sprague-Dawley rats were randomly assigned to hypoxia (11.5% oxygen), to induce IUGR, or normal oxygen (control) groups. For study A, male offspring (3 wk of age) were randomly assigned a low-fat (LF, Ͻ10% fat) or a high-fat (HF, 45% fat) diet. For study B, offspring were randomized to either HF or HFϩresveratrol diets. After 9 wk, cardiac and vascular functions were evaluated. Prenatal hypoxia and HF diet were associated with an increased myocardial susceptibility to ischemia. Blood pressure, in vivo cardiac function, and ex vivo vascular function were not different among experimental groups; however, hypoxia-induced IUGR offspring had lower resting heart rates. Our results suggest that prenatal insults can enhance the susceptibility to a second hit such as myocardial ischemia, and that this phenomenon is exacerbated, in the early stages of life by nutritional stressors such as a HF diet. Supplementing HF diets with resveratrol improved cardiac tolerance to ischemia in offspring born IUGR but not in controls. Thus we conclude that the additive effect of prenatal (hypoxia-induced IUGR) and postnatal (HF diet) factors can lead to the earlier development of cardiovascular pathology in rats, and postnatal resveratrol supplementation prevented the deleterious cardiovascular effects of HF diet in offspring exposed to prenatal hypoxia.
INTRAUTERINE GROWTH RESTRICTION (IUGR) is a condition in which fetuses do not reach their growth potential for a given gestational age (38) . It constitutes one of the most common pathological conditions diagnosed during pregnancy, affecting over 15% of all pregnancies in the United States (1) . The etiology of IUGR is variable, however, in most instances fetal growth is ultimately constrained by a limitation of oxygen and nutrient delivery (23) . In addition to the traditionally described acute morbidity and mortality associated with pregnancies complicated by IUGR (28) , being born growth restricted is also associated with an increased risk of developing chronic diseases later in life such as hypertension, diabetes, obesity, and coronary heart diseases (10) .
Using a rodent model of hypoxia-induced IUGR, our group has previously provided a detailed characterization of the long-term effects of prenatal hypoxia on vascular function (25, 26) as well as in cardiac morphology, function, metabolism, and ex vivo susceptibility to ischemia-reperfusion (IR) injury (33, 34, 47) . Interestingly, we observed that some of the cardiac and vascular pathologies associated with being born from a pregnancy complicated with IUGR (such as endothelial dysfunction, left ventricular diastolic dysfunction, and pulmonary hypertension) were present in aged (12 mo), but not in young, adult (4 mo) animals (33) . Moreover, those cardiovascular pathologies present in young adult offspring exposed to hypoxia during fetal development (such as increased susceptibility to IR injury) appeared to be exacerbated by aging (26) . These results suggest that hypoxia-induced programming could increase the susceptibility to additional insults (such as HF diets).
Recent studies by our group also described that offspring exposed to a prenatal hypoxic insult were more susceptible to secondary insults such as diet-included obesity (15, 32) . For example, the postnatal consumption of high-fat diets (HF; 45% fat content) from the time of weaning until early adulthood by offspring prenatally exposed to hypoxia resulted in the earlier and more severe development of components of the metabolic syndrome (MetS). These included greater levels of insulin resistance, dyslipidemia, abdominal fat deposition, and circulating inflammatory markers (32) . However, the ability of postnatal nutritional insults (such as exposure to a HF diet) to exacerbate/induce cardiovascular pathologies in young adult offspring exposed to hypoxia-induced IUGR was unknown.
Resveratrol (Resv), also known as 3,5,4=-trihydroxy-transstilbene, is a molecule that has been demonstrated to prevent atherosclerosis, improve vascular function, attenuate left ventricular hypertrophy, and confer resistance to cardiac ischemic injury (14) . We have recently demonstrated that Resv ameliorates the increased susceptibility to diet-induced MetS observed in young adult offspring who were exposed to hypoxia in utero (15) . However, the effects of Resv on the cardiovascular system of young adult offspring exposed to a prenatal hypoxic insult has not been investigated. Therefore, we further hypothesized that supplementing HF diets of exposed to hypoxia in utero with Resv could also prevent pathological cardiovascular conditions associated with early onset MetS.
The aim of the present study was to investigate whether the administration of a HF diet to offspring born IUGR can induce an earlier onset of hypertension, vascular dysfunction, and/or abnormal cardiac function or morphology. A secondary objec-tive of this study was to determine whether postnatal administration of Resv could improve cardiovascular conditions associated with the consumption of a HF diet by offspring exposed to hypoxia-induced IUGR.
METHODS

Animal Models and Experimental Interventions
All procedures in this study were approved by the University of Alberta Animal Welfare Committee (protocol no. 301/11/09D) and are in accordance with the guidelines of the Canadian Council on Animal Care and the "Guide for the Care and Use of Laboratory Animals" published by the National Institutes of Health.
Hypoxia-induced IUGR model (studies A and B).
Female SpragueDawley rats were obtained at 3 mo of age (Charles River, Quebec, Canada), acclimatized, and then mated within the animal facility. A vaginal smear obtained the following morning was examined for the presence of sperm, which was designated as day 0 of pregnancy (term Ϸ21 days). Throughout the pregnancy, rats were single housed in standard rat cages with ad libitum access to water and food [standard lab rat chow LabDiet, Ref. 5001 (3.02 kcal/mg; protein 23%, fat 4.5%, fiber 6%)]. On day 15 of pregnancy, rats were randomized to continue in normal environmental conditions (Control) or placed inside an acrylic chamber continuously infused with nitrogen to maintain an oxygen concentration of 11.5 Ϯ 0.2% during the last 6 days of pregnancy (IUGR) as previously described in detail (47) . The time and severity of the hypoxic insult used in this study has been chosen based on previous experiments performed by us and others and aimed to prevent interfering with fetal implantation (occurring at the end of the first week) as well as to mimic "human pathologic conditions" that are more common in the last third of pregnancy. Hypoxia reduced maternal food intake and weight gain during the last week of pregnancy (43) along with a reduction in physical activity. Just before birth, dams were returned to normal housing conditions (21% oxygen). At the time of birth, the litter was reduced to eight male pups to control the postnatal environment and avoid competition for milk. Pups were then weaned at week 3 and pair housed.
Postnatal diet-induced obesity (study A). After weaning, at 3 wk of age, male offspring from each litter (IUGR; n ϭ 22 offspring from 6 litters and controls; n ϭ 24 offspring from 6 litters) were randomly allocated to receive either a LF diet (Ͻ10% fat, either LabDiet 5001 or Research Diets, D12450B, New Brunswick, NJ) or a HF diet that simulates a western diet (45% fat, Research Diets, D12451) as previously described by our group (41) . Rats were given ad libitum access to either diet for 9 wk after which experimental measurements were performed. The length of the nutritional intervention was selected based on previous studies made in rodents and demonstrating metabolic changes using similar nutritional insults (8) .
Postnatal administration of resveratrol in offspring receiving HF diet (study B). In a separate set of animals, male offspring from each litter (IUGR; n ϭ 24 offspring from 6 litters and controls; n ϭ 24 offspring from 6 litters) were randomized to receive either a HF diet alone (45% fat, D12451, Research Diets) or HF diet supplemented with Resv (purchased from Lalilab, Durham, NC) at a dose of 4 g/kg of diet. This dose was chosen based on previous studies showing beneficial effects of nutritional supplementation with this compound (15, 20) . The bioavailability of Resv administered in the diet is low due to intestinal breakdown, absorption, and a high level of first pass clearance by phase one metabolism in the liver. Therefore, the final plasma concentration of Resv achieved with this dose was within the expected therapeutic values (in the g/l range) (13) .
Evaluation of Cardiovascular Parameters
Blood pressure measurements. Noninvasive blood pressure determinations were made on conscious, pretrained animals using a tailcuff Multi Channel Blood Pressure System from IITC Life Sciences (CA). Measurements of heart rate and systolic and diastolic blood pressures were made in triplicate under basal conditions (studies A and B) and 30 s after air-puff stress (study A only). Stress was induced by air puffing the face of restrained rats during 30 s using a turkey baster.
Echocardiographic evaluation (study A). At 12 wk of age (after 9 wk of nutritional intervention), rats were anesthetized using inhaled isofluorane (ϳ2% in compressed air), and a complete echocardiographic study was made as previously described (33) . Briefly, echocardiographic evaluations were performed using a high-resolution microimaging system Vevo-770 (Visualsonics, Toronto, ON, Canada) with a real-time microvisualization scan head of 17.5 MHz and following the guidelines of the American Society of Echocardiography (12) . Images were analyzed using the Vevo 770 Protocol-Based Measurements and Calculations, Rev. 1.2, as previously described (33) .
Isolated working heart preparations (studies A and B). On the experimental day, animals were anesthetized with inhaled isofluorane, and hearts were rapidly excised (Ͻ30s) and perfused for ϳ10 min in retrograde Langendorff mode against a constant perfusion pressure of 60 mmHg. Hearts were perfused with a Krebs-Henseleit solution as previously reported (4, 22, 47 ). The right atrium was then cannulated and, after an equilibration period, hearts were then switched to anterograde working mode (preload 11.5 Ϯ 0.5 mmHg, afterload 80 Ϯ 3 mmHg). After ϳ3 min of stabilization, hearts were paced at 300 beats/min (21, 33) . The closed, recirculating system was filled with 120 ml of modified Krebs-Henseleit solution containing (in mmol/l) 2.5 CaCl 2, 5.5 glucose, 1.2 palmitate bound to 3% bovine serum albumin (fraction V), 0.5 lactate, and 100 mU/l insulin (Novolin-GE, Toronto, ON) (47) and warmed by a water jacket set at 37 Ϯ 0.5°C. Both cardiac output and aortic flow were measured using in-line flow sensors (Transonic Systems). Cardiac power was defined as {([peak systolic pressure (mmHg) Ϫ maximal preload (mmHg)]·cardiac output (ml/min)·0.13)/dry wt g} (reported as joules·min Ϫ1 ·g dry wt
Ϫ1
) and calculated as previously described (34, 45, 46) . Measurements of cardiac function were carried out every 10 min during a 90-min protocol that included a 40-min period of stabilization (aerobic), 10 min of no-flow ischemia, and 40 min of reperfusion (reperfusion). The duration of the no-flow ischemia insult was based on previous experiments by our group using a similar model and methods (34) . Hearts that showed nonreversible cardiac arrhythmia (n ϭ 5) were excluded.
Vascular studies (study A). Immediately after cardiac extraction, vascular tissue dissections were performed in ice-cold physiological saline solution (PSS) (in mmol/l): 10 HEPES, 5.5 glucose, 1.56 CaCl2, 4.7 KCl, 142 NaCl, 1.17 MgSO 4, and 1.18 KH2PO4, pH 7.4. Small mesenteric arteries were isolated and cleaned of all surrounding adipose and connective tissues. Arteries were mounted on a pressure myograph (Living Systems, Burlington, VT) to allow isobaric measurements of changes in internal diameter.
During a 30-min equilibration period, vessels were exposed to a stepwise increase in pressure to 80 mmHg followed by a return to 60 mmHg. For the remainder of the experiment, vessels were maintained at 60 mmHg. To investigate vascular responses to methylcholine (MCh; 0.1 nmol/l to 100 mol/l), a concentration-response curve (CCRC) was performed in the absence or presence of inhibitors following preconstriction with phenylephrine (PE, 1 mol/l). In the first instance, one bath was randomly chosen to include the nitric oxide synthase (NOS) inhibitor N -nitro-L-arginine methyl ester hydrochloride (L-NAME, 100 mol/l), while the second bath was kept as a control. After the completion of a MCh CCRC and a subsequent wash-out period, L-NAME was reapplied in addition to the cyclooxygenase inhibitor meclofenamate (1 mol/l). A second MCh CCRC was then performed in the presence of the combined inhibition of prostaglandins and nitric oxide. Finally, the passive characteristics of the vessels were assessed by stepwise increases in pressure from 0 to 140 mmHg in the presence of Ca 2ϩ -free PSS plus papaverine (10 mol/l).
Statistical Analysis
For analysis, only one offspring from each dam was used for each determination. Therefore, dams were considered the experimental unit. Data are presented as means Ϯ SE, except where stated otherwise. Data distribution was tested using the D'Agostino and Pearson normality test. Comparisons between two groups were evaluated using an unpaired t-test or a Mann-Whitney test depending on the distribution of the data. Differences in measurements performed among four groups following nutritional intervention were tested using two-way ANOVA with diet and IUGR as sources of variation. A Bonferroni post hoc test was then used to compare replicate means by groups. A P value Ͻ 0.05 was considered statistically significant.
RESULTS
Effect of Prenatal Hypoxia on Birth Weight
The effects of the prenatal hypoxic insult used in this study on maternal and neonatal outcomes have been extensively characterized by our group (15, 25, 26, 32-34, 44, 47) . In the current cohort, the birth characteristics have been published (15, 32) . Briefly, the hypoxic insult used in this study caused a sex-independent reduction in both body weight (ϳ17%, P Ͻ 0.05) and absolute placental weight (ϳ13%, P Ͻ 0.05) and an increase in relative cardiac weight both in male and female fetuses (ϳ23%, P Ͻ 0.05). However, there is no significant effect on litter size, proportion of stillborn offspring, or sex distribution.
Effect of IUGR and Postnatal Diet on Blood Pressure and Heart Rate
After 9 wk of nutritional intervention with either LF or HF diet, differences were not observed in baseline blood pressure among experimental groups (Table 1 , study A). However, receiving a HF diet was associated with a significant increase in blood pressure after an acute air-puff stress, regardless of whether the offspring were born from control dams or dams exposed to hypoxia during pregnancy (Table 1 , study A). Postnatal supplementation of HF diets with Resv did not influence the blood pressure of the experimental groups (Table  1 , study B).
When heart rate was measured in conscious, but restrained rats, adult offspring exposed to prenatal hypoxia exhibited a statistically significant decrease in heart rate under both baseline conditions and immediately following an air-puff stress. Moreover, postnatal administration of a HF diet accentuated the bradycardia observed in offspring exposed to prenatal hypoxia ( Table 1 , study A). Postnatal supplementation of HF diets with Resv prevented the reduction in baseline heart rate observed in offspring exposed to prenatal hypoxia (Table 1 , study B).
Effect of IUGR and Postnatal Diet on In Vivo Cardiac Function Assessment
Based on our previous experience, we expected that a HF diet would result in the earlier onset of the cardiovascular disorders (including pulmonary hypertension, diastolic dysfunction, and ventricular hypertrophy) that we had previously described in aged but not young offspring exposed to prenatal hypoxia (33) . Contrary to our expectations, after 9 wk of HF diet and at 12 wk of age, differences were not observed among groups in any of the echocardiographic parameters known to be impaired in aged offspring exposed to prenatal hypoxia such as left ventricular estimated mass (for ventricular hypertrophy), myocardial performance (Tei) index (for left ventricular diastolic function), and pulmonary artery acceleration time (PAAT)/right ventricle ejection time (RVET) ratio (for pulmonary hypertension) (33) ( Table 2 ). Values reported as means Ϯ SE; n ϭ 6 in each group. Resv, resveratrol. *P Ͻ 0.05 when using two-way ANOVA to compare the effect of prenatal exposure to hypoxia (intrauterine growth restriction, IUGR), diet (low fat vs. high fat or high fat vs. high fatϩResv), and the interaction (Int.) between IUGR and diet. †P Ͻ 0.05 in the post hoc analyses comparing Control and IUGR within the same experimental diet.
Similar to that observed in conscious animals, offspring exposed to prenatal hypoxia exhibited reduced heart rate throughout anesthetized echocardiographic evaluations. Consistent with this observation, heart rate-dependent parameters such as mitral A wave maximal velocity and isovolumic constriction time (IVCT) were also altered in offspring exposed to prenatal hypoxia. These changes were not significant after adjusting for heart rate (data not shown).
Effect of IUGR and Postnatal Diet on Ex Vivo Cardiac Function and Susceptibility to Ischemia Reperfusion
Compared with hearts from offspring receiving LF diet, those on HF diet exhibited a notable decrease in aerobic cardiac performance regardless of whether they were control or IUGR offspring (Fig. 1A) . Considering these baseline differences, and to compare the effect of ischemia on cardiac performance among groups, these results are also presented as a percentage change in cardiac performance relative to maximal performance at the end of aerobic perfusion (Fig. 1B) . Both factors, being born IUGR and receiving a HF diet, had an independent and additive deleterious effect on cardiac susceptibility to IR insults (Fig. 1) . Notably, cardiac power did not recover following 10 min of global no-flow ischemia in the hearts from IUGR offspring that had consumed the HF diet compared with hearts from control offspring that had also consumed a HF diet. Supplementation of HF diet with Resv in offspring exposed to prenatal hypoxia did not increase ex vivo cardiac power under aerobic conditions. Resv, however, did improve postischemic recovery in hearts from offspring born IUGR but not in control offspring (two-way ANOVA Interaction P ϭ 0.04) (Fig. 2E) . Consistent with our in vivo results, obtained in either conscious or unconscious animals, isolated hearts from offspring born from dams exposed to hypoxic insults during pregnancy had a decreased spontaneous heart rate compared with hearts from control offspring. This finding was consistent regardless of whether the offspring were receiving LF (268 Ϯ 9 vs. 241 Ϯ 9 beats/min; P Ͻ 0.05) or HF (265 Ϯ 11 vs. 233 Ϯ 13 beats/min; P Ͻ 0.05) or HFϩResv (266 Ϯ 5 vs. 222 Ϯ 20 beats/min; P Ͻ 0.05) diets. Similarly, when measured in conscious animals, offspring exposed to prenatal hypoxia exhibited a reduction in heart rate regardless of whether they were receiving LF (Control 392 Ϯ 10 vs IUGR 366 Ϯ 9; P Ͻ 0.05) or HF diet (Control 401 Ϯ 10 vs IUGR 367 Ϯ 5; P Ͻ 0.05). Interestingly, supplementation with Resv had a normalizing effect on this consistent phenotypical finding (Control-HF-Resv 414 Ϯ 9 vs. IUGR-HF-Resv 410ϩ9, P ϭ 0.3)
Effect of IUGR and Postnatal Diet on Ex Vivo Vascular Function
In the absence of inhibitors, mesenteric artery segments from all experimental groups exhibited a comparable contractile response to 1 mol/l PE (Fig. 3A) . Incubation with L-NAME caused a significant increase in the contractile response Values reported as means Ϯ SE; n ϭ 6 in each group. RVET, right ventricular ejection time; PAAT, pulmonary artery acceleration time; LV, left ventricle; Ao, aorta; IVRT, isovolumic relaxation time. *P Ͻ 0.05 when using two-way ANOVA to compare the effect of prenatal exposure to hypoxia (IUGR), diet (low fat vs. high fat) and the interaction (Int.) between IUGR and diet. †P Ͻ 0.05 in the post hoc analyses comparing Control and IUGR within the same experimental diet.
to PE by the arterial segments from all experimental groups with the notable exception of those offspring exposed to a prenatal hypoxic insult and receiving a HF diet. There were no differences in vascular response to PE after incubation with both L-NAME and MCh (Fig. 3B) .
Differences were not observed among groups in the vascular responses to MCh or the estimated contribution of major vasodilator mechanisms (such as nitric oxide and prostanoids) in the vascular response to MCh (Fig. 3C) . Neither IUGR nor HF had any effect on initial diameters of mesenteric arteries. However, the passive response to changes in intraluminal pressure demonstrated that arterial segments from offspring receiving a HF diet exhibit an increase in vascular compliance independent of prenatal history (Fig. 3D) .
DISCUSSION
The consumption of diets high in fat are a well-recognized risk factor for the development of cardiovascular disease (6) . Likewise, being born growth restricted carries an elevated risk for the development of chronic cardiovascular diseases (18, 24, 27, 35) . However, before this study, the potential interaction between these factors and the early development of cardiovascular disease had not been characterized. Consistent with our previous work, offspring prenatally exposed to hypoxia exhibited very little or no differences in their phenotypical characteristics compared with sex-and age-matched controls in the early stages of life. However, when exposed to additional stressors, differences among groups became evident. For instance, during aerobic cardiac function assessment, differences were not apparent between offspring prenatally exposed to hypoxia and control groups, but after a period of no-flow ischemia, offspring exposed to hypoxia in utero exhibited an increased susceptibility to IR injury compared with their respective controls. These results are similar to other reports made in the literature using different prenatal insults (3, 37, 39, 40) and suggest that postnatal exposure to physiological or pathological "stressors" favor the development of negative phenotypical differences between experimental groups. Our results also suggest that prenatal hypoxic insults program the risks for the development of cardiac pathologies by reducing physiological reserves and the ability of the offspring to recover when exposed to different stressors later in life. (34, 45, 46) and cardiac performance relative to cardiac power after 40 min of aerobic perfusion (B). Hearts from Control (circles) and IUGR (squares) fed a LF (shaded symbols and lines) or a HF (solid symbols and lines) diet for 9 wk. C and D: average maximal cardiac power developed during aerobic and reperfusion periods, respectively. E: relative cardiac power recovery during reperfusion. n ϭ 6 to 10 per group. *P Ͻ 0.05 for the respective sources of variation (prenatal intervention or diet) using two-way ANOVA. Different letters (a to d) represent statistically significant differences among experimental groups at each time point after a Bonferroni posthoc test. †P Ͻ 0.05 vs. controls of the same age after a Bonferroni post hoc test.
These observations have very important clinical implications. First, they suggest that the long-term consequences of being exposed to prenatal hypoxia could be actively affect biological systems in the offspring from the early stages of life despite a lack of overt manifestations of disease. Second, these results suggest that postnatal interventions directed at reducing the exposure to some postnatal stressors may be effective in reducing the future risk for undesirable cardiovascular and metabolic disorders, despite having no effect on the early programmed condition itself. Therefore, the identification of and the potential for early intervention in subjects with some degree of "early programming" will have the tremendous potential for reducing the burden of chronic diseases on the health care system.
In most models of early programming (both clinical and experimental), offspring exposed to programming-inducing insults (such as maternal nutritional restriction or prenatal hypoxia) do not exhibit a well-established pathological phenotype during the early stages of life (7, 42) . However, as offspring age and are exposed to secondary challenges such as emotional stress or unhealthy diets, pathological phenotypes are often elicited (3, 37, 39, 40) . For instance, our group has demonstrated that adult offspring born IUGR as a result of being exposed to a prenatal hypoxic insult exhibit changes in cardiac structure and function (33) and are more susceptible to myocardial IR injury (34) . Together with these results, a growing body of evidence supports the "second insult" concept, which postulates that programming-induced stresses affect individuals by decreasing their physiological reserve and reducing their capacity to respond/adapt when exposed to an additional insult. Considering that our experiments characterized only 12-wk-old rats that consumed diets for 9 wk immediately following weaning, and based on our experience with feeding young and aged rodents HF diets (19), we did not anticipate any direct effect of HF diet on cardiac structure and function parameters of control rats evaluated in vivo. We have previously reported that hypoxia-induced IUGR offspring exhibited significantly reductions in both energy intake and physical activity levels while abdominal adiposity was increased compared with the respective LF and HF diet controls (32) . These factors correlate with greater risk of cardiovascular disease and may contribute to the cardiovascular disorders we observed in the IUGR offspring in this study.
Several studies from rodent models have demonstrated that Resv prevents IR injury (16) and improves survival in rats with myocardial infarction (9) . Moreover, the literature supporting the beneficial effects of Resv on glucose homeostasis and lipid metabolism in rodents receiving a HF diet is quite extensive (5, average maximal cardiac power developed during aerobic and reperfusion periods, respectively. E: relative cardiac power recovery during reperfusion. n ϭ 6 per group. *P Ͻ 0.05 for the respective sources of variation (prenatal intervention or diet) using two-way ANOVA. Different letters (a to d) represent statistically significant differences among experimental groups at each time point after a Bonferroni post hoc test. †P Ͻ 0.05 vs. controls of the same age after a Bonferroni post hoc test. 11, 20, 30) . Although Resv is known to normalize all metabolic parameters in offspring receiving a HF diet (15) , supplementation of HF diet with this compound improved cardiac postischemic recovery only in the young offspring exposed to a prenatal hypoxic insult, but not in controls, which suggests that the beneficial cardiovascular effects of Resv could be independent of its beneficial metabolic effects (15) . The mechanisms by which Resv exerts its favorable effects on the cardiovascular system are not completely understood and may involve multiple overlapping signaling pathways (14) . For example, Resv has been shown to enhance antioxidant defenses and protect the heart from IR injury through the reduction of superoxide and lipid peroxide production (16) . Resv may also improve glucose utilization by the ischemic heart (29) . At the molecular level, Resv has been demonstrated to activate cardiac AMPK (13) and Akt (17) in a noninsulin-dependent manner (29) . In addition, Resv has also been shown to increase the bioavailability of nitric oxide in the ischemic heart (29) . It is plausible that one or several of these mechanisms could be involved in the ability of Resv to prevent IR injury.
Another novel finding of our study is that young adult offspring exposed to prenatal hypoxic insults exhibit a consistent decrease in heart rate during adulthood regardless of the diet they were receiving. This particular phenotype was consistently observed not only in conscious animals (both under basal conditions and immediately following air-puff-induced stress) but also in anesthetized animals. In addition, ex vivo experiments demonstrated that, compared with hearts from control offspring, those isolated from offspring exposed to a prenatal hypoxic insult also presented a decreased heart rate when spontaneously beating under controlled hemodynamic conditions (such as preload, afterload, temperature, and perfusion solution). These findings suggest that the long-term effects of hypoxia-induced IUGR on the regulation of heart rate may be mediated through mechanisms affecting the development and function of cardiac pacing and conduction mechanisms, in addition to previously described changes in autonomic dysfunction (2). Interestingly, postnatal administration of Resv, which is known to improve the metabolic profile and cardiac susceptibility to ischemia, did not affect the ex vivo spontaneous heart rate. This observation suggests that the changes in heart rate regulation in hypoxia-induced IUGR offspring are independent of other cardiometabolic risk factors resulting from feeding a HF diet.
One additional interesting finding from our study was that differences in baseline blood pressure were not observed in any of the experimental groups. Though we analyzed only six animals per group, our methods were sufficiently sensitive to observe a physiologically relevant increase in systolic blood pressure immediately following acute stress in offspring receiving a HF diet (both control and IUGR). These findings are compatible with previous reports linking the metabolic syndrome and hypertension (36) with cardiovascular autonomic deregulation (31) .
In our study of vascular function, we observed a significant decrease in the contribution of nitric oxide to basal vascular tone in the IUGR group fed a HF diet, as observed by a lack of increase in PE constriction in the presence of L-NAME in this group. Interestingly, this difference was not apparent following combined inhibition of nitric oxide and prostanoids. This may, however, be the result of decreased vasoconstrictor capacity with time since the sensitivity to MCh decreased with time only in this group. Therefore, the combination of growth restriction and a HF diet appeared to be detrimental to vascular function while the individual insults were not. In addition, there was a significant increase in vascular compliance with a HF diet that was not observed with IUGR. Therefore, changes in vascular remodelling appeared to be dependent only on the diet and independent of growth restriction.
In conclusion, the results presented in this study are consistent with our previous findings demonstrating that prenatal insults causing IUGR can lead to long-term changes in cardio- vascular function and contribute to the greater susceptibility to secondary insults in the adult offspring. Specifically, we demonstrated that the postnatal administration of a fat-rich diet was particularly deleterious for the cardiovascular function of offspring exposed to a prenatal hypoxic insult and resulted in the earlier development of cardiac pathologies. Moreover, we showed that the supplementation of HF diets with Resv ameliorated the cardiac susceptibility to ischemia due to the consumption of HF diets by offspring exposed to hypoxia during fetal development. Finally, we demonstrated that prenatal hypoxic insults leading to IUGR may cause long-lasting changes in the mechanisms that regulate heart rate in adult offspring.
Perspectives and Significance
This study illustrates how certain postnatal nutritional insults can act as a "second hit" with deleterious cardiovascular effects on susceptible populations (such as those born IUGR) and provides evidence suggesting that this acquired susceptibility can be ameliorated using postnatal pharmacological interventions. Taken together, our findings highlight the importance of the prenatal stage in the development of cardiovascular pathologies and provide insights into why populations living in the western world and born IUGR may require closer clinical monitoring. As 15% of the western population is born growth restricted, and close to 50% are overweight or obese, our findings have important clinical implications for a large proportion of our society.
